BACKGROUND: Efforts at predicting long-term adherence to medications have been focused on patients filling typical month-long supplies of medication. However, prediction remains difficult for patients filling longer initial supplies, a practice that is becoming increasingly common as a method to enhance medication adherence.
L ong-term adherence to evidence-based medications for chronic diseases remains poor.
1 Only 1 year after beginning therapy, less than 50% of patients are still taking their medications as prescribed. 2 Poor adherence leads to substantial increases in preventable and costly clinical outcomes. 3, 4 Because adherence is a key quality measure for health plans and providers and affects quality ratings and performance incentives, additional tools are needed to predict and ultimately to provide interventions for individuals at risk of nonadherence.
Advances have been made at predicting long-term adherence to medications but have been mainly concentrated on
• An increasingly large number of patients at retail and mail order pharmacies are being provided with more medication per fill, generally 90 days, so that fewer refills are necessary, with the aim of increasing medication adherence.
• While rates of adherence are generally slightly higher among patients with 90-day medication supplies than with 30-day supplies, adherence is still low and the ability of payer organizations to predict adherence among patients who are initiating these long initial medication fills has been very limited.
What is already known about this subject
• Models predicting medication adherence using variables measured in the first 120 days after medication initiation, such as indicators of adherence, refilling shortly after initiation, rates of new clinical events, and health resource utilization were much more accurate compared with models that used patient baseline information alone.
• Long-term adherence among the growing subgroup of patients filling longer supplies of medication can be strongly predicted using a combination of characteristics before and shortly after treatment initiation as measured in this study.
• Efforts to predict adherence among patients initiating medications with long-term (≥ 90 days) initial supplies for potential intervention may benefit from including these predictors.
tutional review board of the Brigham and Women's Hospital approved this study. The study medication list was drawn from the Health Effectiveness Data and Information tables of oral medications for that disease state. 13 Each patient's first fill date for any study medication was considered to be the "index date." New initiation was defined as not filling a medication for that therapeutic class in the previous 180 days; patients using insulin who met these criteria were not excluded. For patients who filled > 1 eligible medication, we considered only the medication with the earliest index date.
We included patients who were ≥ 18 years of age, had nonmissing age, gender, and ZIP code information (< 1% missing for all fields), and had ≥ 1 drug claim and ≥ 1 medical claim and continuous enrollment in medical and pharmacy benefits in the 180-day period before the index date to ensure active plan benefit use. We also required patients to have continuous database enrollment in the 365-day period after the index date. By definition, the patients included in the final cohort had no other missing data as they had complete pharmacy and medical claims for the baseline and follow-up measurement periods. To focus on individuals filling medications with longer days supplied, patients were excluded if the days supply of their index fill was < 90 days. The overall study design is shown in Figure 1 .
Adherence Measures
The outcome of interest was adherence to medications for 1 of 3 therapeutic conditions over the 12 months after medication initiation. For each medication, we created a drug supply diary linking the days of medication supplied for all observed fills from the index date through the next 365 days based on dispensing date and days supplied. Different medications in the same chemically related therapeutic class (e.g., beta-blockers) were considered to be interchangeable. We chose to evaluate adherence at the therapeutic class level, as was done frequently in prior research and quality improvement efforts. This method patients who fill typical month-long supplies of medication. [5] [6] [7] [8] [9] At the same time, patients are increasingly being provided with more medication per fill, generally 90 days, so that fewer refills are necessary; these longer-term fills are available through both mail order and retail pharmacies. [10] [11] [12] For these individuals, adherence prediction remains problematic. 5, 6 Initial patterns of refill behavior have been shown to substantially improve prediction accuracy among patients with month-long dispensations, indicating that short-term adherence behaviors could be used to predict future adherence. 6 However, extending the time window over which initial filling patterns are observed could improve predictive accuracy for 90-day fillers but comes at the expense of waiting longer to initiate interventions designed to help individuals who are highly likely to be nonadherent in the future.
Accordingly, we sought to identify which, if any, of the existing methods of adherence prediction among month-long fillers could accurately and practically be applied in the 90-day filling context. We aimed to supplement these techniques with novel approaches for predicting adherence using other health behaviors measured shortly after initiation among this increasingly important group of individuals.
■■ Methods Data Source and Patient Population
We identified patients initiating an oral medication for diabetes or hypertension or a statin for hyperlipidemia between January 1, 2012, and December 31, 2013, from an administrative dataset of medical and prescription claims data for commercial, fully insured members of Aetna, a large national health insurer. This Health Insurance Portability and Accountability Act limited dataset includes complete patient-level claims for all procedures, physician encounters, hospitalizations, and prescriptions and was also linked to enrollment data including patient age, gender, and ZIP code of residence. Aggregate data on socioeconomic status, race/ethnicity, and educational attainment for each ZIP code were obtained by linking the patient's residing ZIP code with data from the 2010 U.S. census. The insti- is considered to more accurately measure adherence than other methods. [14] [15] [16] [17] From the supply diary, we calculated long-term adherence using the proportion of days covered (PDC) measure by dividing the number of days with medication available by the number of days during the 365-day follow-up period (days 1-365). 18 We also calculated adherence in days 31-365 and days 121-365 after the index date as "delayed" adherence outcome assessment periods for secondary analyses. These 2 measures excluded the first 30 and 120 days of adherence information because, as explained in subsequent sections, variables from these periods were included as predictors in some models. For all adherence outcome measures, we defined "full adherence" as PDC ≥ 0.8, the cut point used in many quality measures and in previous literature.
Study Design

19,20
Predictors
We measured potential predictors of adherence at baseline and in the first 30-120 days after the index date. The rationale for the different predictor measurement periods was to both identify the optimal set of adherence predictors for this population and also to establish when after initiation that long-term, 12-month adherence could be strongly predicted. All of these variables and their definitions are provided in Appendix A (available in online article).
Baseline. We first defined 50 baseline demographic, clinical, health resource utilization, and medication use variables using enrollment files and medical and pharmacy claims data before and including the index date to identify the predictive ability of baseline characteristics in this population ( 
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with adherence in the peer-reviewed literature. Demographic information included age, gender, region, and community-level variables based on the patient's ZIP code of residence. Clinical characteristics were measured using inpatient and outpatient medical claims data and included specific comorbidities such as acute myocardial infarction, congestive heart failure, depression, and stroke, and a combined comorbidity score. 21 We also measured health resource utilization characteristics like number of all-cause hospitalization days, number of office visits for any indication, pharmacy visits (defined by filling any medication), healthy behaviors (e.g., receipt of flu shot or health screening), geographic spread in pharmacy visits (e.g., number of distinct ZIP codes in which any medications were filled at pharmacies), medication synchronization (e.g., number of distinct days in which any medications were filled), 22 and
Fully Adherent a n = 12,068
Poorly Adherent a n = 20,181 Thirty Days After Initiation. We measured the new occurrence of the same clinical and health resource utilization variables in the first 30 days after the index date as during the 180-day baseline period (Appendix A). We hypothesized that these short-term characteristics and behaviors might be associated with subsequent adherence and could be measured rapidly in individuals after initiation. If successful, these predictors could be used in rapidly deployed adherence interventions. We defined clinical events or diagnoses as "new" if they had not previously occurred in administrative claims during the patient's entire baseline period of eligibility. Health resource utilization variables and other medication use variables were also remeasured in the first 30 days after the index date, including whether the patient refilled a previously filled chronic medication. In addition, as potential indicators of continuity of care, we measured whether patients returned for any reason to the same provider or pharmacy in which they were prescribed or filled their initial medication (Table 2) .
One Hundred Twenty Days After Initiation. We then measured variables within the first 120 days after the index date. Previous research has found that indicator variables of shortterm refilling within the first 30-90 days were strong predictors of future adherence among patients with shorter supplies, so we hypothesized that extending these methods would improve adherence prediction among patients filling longer supplies. By definition, patients initiating 90-day supplies are fully adherent for the first 90 days of therapy; therefore, these direct measures of adherence could not be directly applied in settings of longer medication fills. Therefore, we repeated the measurements of the new clinical diagnoses, acute clinical events, and health resource utilization variables as done in the 30 days after initiation but also added an indicator of refilling the initiated medication during the 120 days after the index date (Appendix A). Because by definition all patients would have the same level of adherence in the first 90 days (days 1-90), we also measured whether the patient was optimally adherent (PDC ≥ 0.8) during the fourth 30-day period (days 91-120) after the index date, as a postinitiation adherence indicator. 5, 6 In other words, patients would be optimally adherent in this fourth 30-day period if they refilled no later than day 96 and received ≥ 24 days supply in that refill.
Statistical Analysis
First, we examined mean PDC and full adherence for each of the 3 adherence measures for the 3 disease states. Then, for each of the 3 adherence outcome measures, we estimated 5 main prediction models of adherence in the full cohort and in strata by disease state using logistic regression. Model 1 used only baseline predictors. Models 2 and 3 were estimated using only the variables in the first 30 days and 120 days after initiation, respectively. Model 4 included baseline predictors and the variables in the first 120 days after initiation. Model 5 included all of these sets of predictors, including variables in the first 30 and 120 days after initiation. We also reestimated these models within subgroups by chronic disease (e.g., hypertension, diabetes, hyperlipidemia) to see whether there were any differences in prediction. Additional combinations of predictors were estimated in secondary models.
Using the c-statistic, we evaluated the ability of models to predict adherence based on their ability to distinguish between patients who did and did not become adherent. 23 This measure ranges from 0.5 (noninformative) to 1.0 (perfect prediction). 24, 25 Models with higher c-statistics are generally better at identifying patients who are likely to experience the outcome and thus are potentially more useful for future interventions. For all models, we performed 10-fold cross-validation to avoid bias associated with evaluating predictions on the same data that are used to estimate the model. 26 In total, 39.4% of patients were adherent in the 12 months after treatment initiation (mean PDC [SD] = 0.68 [0.27]). Adherence was similar across all 3 disease states; 37.9%, 35.5%, and 43.6% were adherent to statins, oral hypoglycemics, and antihypertensives, respectively. Rates of adherence were slightly lower when adherence was assessed over the shorter outcome assessment windows; for instance, 37.4% of patients were adherent within the 121-365-day window compared with 39.4% for the 1-365-day window. Table 2 shows the rates of the new clinical diagnoses/events, health resource utilization, and medication use characteristics in the 30 and 120 days after initiation that were used in prediction analyses. Of note, 66.0% of patients refilled the index medication within the first 120 days after initiation. In addition, 68.1% of patients who were subsequently adherent in days 121-365 were adherent in month 4 (days 91-120), compared with 22.1% who were subsequently poorly adherent.
■■ Results
The prediction accuracy of the models is shown in Table 3 , as quantified by cross-validated c-statistics for all 3 adherence measures. Prediction of 1-year adherence using baseline variables was relatively poor (model 1 cross-validated
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Appendix B (available in online article) presents the crossvalidated c-statistics of the predictive ability of adherence for each of the 3 chronic disease conditions. The ability to predict adherence was similar across all 3 disease areas for the different models.
■■ Discussion
Using a large cohort of patients initiating chronic disease medications, we evaluated whether short-term filling behaviors and novel predictors after initiation improved the ability to predict adherence among patients receiving longer prescription dispensations. An approach using indicators of adherence and refilling shortly after initiation was highly accurate and had much better predictive ability compared with baseline information alone. Predictors including new clinical events and health resource utilization within the first 120 days after initiation also strongly predicted adherence. Overall, we found that a combination of clinical, health resource utilization, and medication filling characteristics before and after treatment initiation led to highly accurate predictions of adherence.
Efforts to predict long-term adherence to medications have mainly focused on patients who fill short initial supplies, with varying degrees of success. [5] [6] [7] [8] While rates of adherence are generally higher among patients who fill longer initial supplies (e.g., 90-day supplies) than shorter initial supplies (e.g., 30-day supplies), prediction has been more difficult for these patients. 5, 6 These results confirm previous research that has found that predictions of adherence using only baseline information from administrative claims databases are relatively poor. 5, 6, 27, 28 As seen in models examining subsets of baseline characteristics, none of the categories of baseline characteristics, including demographic, clinical, health resource c-statistic = 0.644). Prediction was worse using only predictors from the first 30 days after initiation (model 2 c = 0.545). Clinical, health resource utilization, and medication use and adherence predictors in the first 120 days after initiation substantially improved predictive ability (model 3 c = 0.823). The model that incorporated all baseline characteristics and predictors within the first 120 days after medication initiation strongly predicted future adherence (model 4 c = 0.832). The best-performing model incorporated all of the predictors (model 5 c = 0.837). The multivariable contributions of each predictor measured shortly after medication initiation (from models 2 and 3) are shown in Table 4 , suggesting that, for example, pharmacy-specific health behaviors (such as visiting the same pharmacy and number of unique filling ZIP codes) are associated with optimal adherence.
Additional combinations of predictors were also evaluated, and their results are also presented in Table 3 . Of note, a model estimated using only the indicator of refilling the medication in the first 120 days yielded a cross-validated c-statistic of 0.714. The indicator of optimal adherence in month 4 was the strongest individual predictor of adherence, even among the delayed 31-365-day and 121-365-day adherence outcome measures (c = 0.744).
Overall, the ability to predict adherence was similar for all 3 adherence outcome assessment windows. For instance, the bestperforming model (model 5) was still strongly predictive of adherence over days 31-365 (c = 0.842) and days 121-365 (c = 0.818) compared with the primary outcome of days 1-365 (c = 0.837). Using the delayed adherence outcome assessment windows did not affect the ability to predict subsequent adherence.
Model Predictors Included in Model
Medication Adherence (Days After Initiation) 
Cross-Validated C-statistics from Models for Adherence Among Patients Filling Long-term Medication Supplies
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utilization, or factors associated with the index medication like copayment or mail order use, added meaningfully to the prediction of long-term adherence. One explanation could be that patients' medication-taking behaviors are shaped more by contemporary factors that happen while starting the medication rather than factors before initiating the medication. One successful previous approach to adherence prediction in other settings involves including simple indicators of filling within the first 90 days after medication initiation, reaching cross-validated c-statistics of 0.827 among patients who initiated 30-day supplies. 5, 6 However, even with these short-term patterns of medication filling, the prediction of long-term adherence has been extremely poor for patients initiating longer term supplies (e.g., cross-validated c-statistic = 0.591) because, by definition, patients are classified as adherent for the first 90 days. 6 Prior work has also suggested that patients initiating longer initial supplies are slightly healthier than patients initiating 30-day supplies. 6 Therefore, we sought to develop methods to improve the prediction of long-term adherence among patients filling longer initial medication supplies, as these patients may have different underlying behaviors and be more medically stable than other better-understood patient populations.
Our study extends previous studies by empirically evaluating whether a combination of acute clinical events, health resource utilization, and medication refill patterns after initiation predict long-term adherence. In this study, prediction using only information from the first 30 days after initiating the medication was relatively ineffective. One explanation could be the low prevalence of these indicators; predictors with low prevalence do not substantially increase predictive ability. Another explanation could be that a clinical event within the first 30 days could be too early relative to the need to refill the medication to aid in prediction.
By contrast, extending indicators of acute clinical events, health resource utilization, and medication fill patterns within the first 120 days after initiation were strongly predictive of future adherence across all 3 adherence outcome assessment windows, much more than all measured baseline characteristics combined. In particular, when examining the suite of potential behavioral factors measured shortly after initiation, the indicators of refilling and adherence shortly after filling appeared to be the strongest predictors of adherence, but the other behavioral factors also meaningfully contributed to adherence prediction.
Overall, our findings support the conclusion that using any of these characteristics or behaviors measured in the 120 days shortly after initiation, but particularly a simple indicator of whether the initial medication was refilled or adhered to, can substantially improve adherence predictions. However, some of these other health behaviors or clinical events, such as returning to the same pharmacy, changes in clinical status, and increasing health resource utilization, appeared to have some utility in model prediction. 
Multivariable Contributions of Adherence Predictors Measured Shortly After Medication Initiation
In an effort to address the problem of medication adherence, particularly in chronic conditions such as hyperlipidemia, hypertension, and diabetes, 2, 29 payers have been increasing the allowed number of dispensable pills per prescription. This practice, which provides patients with more pills per prescription so that fewer refill requests are necessary, is becoming increasingly common. 10, 11 In our study, the number of patients who initiated 90-day supplies was quite substantial, exceeding 15% of the total number of patients starting therapy. This number is similar to rates from our previous research and is a trend that is increasing in the industry. 6, 11 In response to this trend, our approach to predicting adherence among these patients might also provide some insight into the types of patients who are mostly likely to adhere to longer medication dispensations.
While many clinical and behavioral interventions with the aim of improving adherence have been studied, relatively few have been successful. 30 One reason why nonadherence remains a problem, despite intervention, is that adherence is a complex behavior that can change over time. Even when we can intervene, interventions may not be optimally timed. 7, 31 The results from this study may help inform the development of interventions by providing insight into when adherence interventions may be effectively measured and deployed for this population. In general, patients' actions within the first few months after initiation appear to be crucial for determining whether these patients will continue to be adherent. Health plans wishing to identify members using long-term medication supplies at risk of nonadherence may be able to use these health behavior and refilling indicators to identify appropriate patients around their 120th day of treatment for potential intervention. While these patients may be identified slightly later than those with shorter initial dispensations, it may still be early enough to affect overall 1-year adherence, though not all patients may respond to this type of intervention.
Limitations
The findings of this study should be interpreted in light of several limitations. First, like other studies, medication adherence was measured indirectly in patients using days supply, a validated method that has been shown to correlate well with electronic records and patient self-report. 32 However, there could still be potential for misclassification in adherence, particularly among patients whose providers discontinued or substantially modified their treatment. It is also possible that some of the patients included in our study of new initiators may have previously filled the medication; as in other studies, we excluded patients who recently filled the medication. 5, 6 Moreover, if the patient had not used the medication in the past 6 months, then response and willingness to adhere to therapy would likely be similar to those who more recently initiated therapy.
We also included patients with an initial supply of > 90 days; prediction accuracy may have improved if excluding patients filling initial supplies of ≥ 120 days. Overall prediction accuracy is also evaluated at the study population level; there is heterogeneity within the patient sample, so individual patients may have different factors associated with their long-term adherence.
In addition, the results of this study also cannot be fully generalized to other payer systems, such as Medicare or Medicaid, or to patients initiating shorter initial supplies of medications (e.g., ≤ 30 days), as the study populations and factors associated with adherence and behaviors could differ. Finally, there is a potential downside to starting patient intervention closer to 90 or 120 days after treatment initiation, since discontinuation of the medication could have occurred by then. However, few effective adherence support interventions begin at the time of medication initiation, and use of such targeted interventions with demonstrably nonadherent patients is more effective than use of nontargeted interventions. 33 
■■ Conclusions
The results of this study provide an accurate way to predict adherence among the growing subgroup of patients filling longer supplies of medication, using a combination of clinical, health resource utilization, and medication filling characteristics before and after treatment initiation. Efforts to predict adherence among these patients for potential intervention may benefit from examining and including these predictors.
